A new reagent, fluorescamine, provides a simple, rapid fluorometric measurement of primary amino compounds in seawater.
The availability of nitrogen-containing compounds in marine waters often controls primary production (Dugdale and Goering 1967; Ryther and Dunstan 1971) . Inorganic forms of nitrogen-ammonia and nitrateare readily assimilated by marine algae and have been studied extensively. The USC of organic nitrogen by phytoplankton is also beginning to receive considerable attention: urea, for example, appears to be widespread in the sea ( Rcmsen 1971) and can be utilized as a nitrogen source by numerous phytoplankters (McCarthy 1972a, h ) . Dissolved free amino acids (DFAA) are also found in marine waters at concentrations ranging from 0.2 to 2 PM (Andrews and Williams 1971; Bohling 1970; Clark et al. 1972; Degens 1970; Riley and Segar 1970) .
Our laboratory has been concerned with evaluating the ability of phytoplankters to use DFAA as a nitrogen source; many common genera are able to take up and assimilate a variety of amino acids. In many cases, uptake rates for amino acids increase when the cells are previously grown on limited amounts of nitrogen Stephens 1971, 1972; Wheeler et al. 1974) . We ' This work was supported by National Science Foundation grant GA 33904X. a I wish to thank G. C. Stephens for many helpful suggestions and for the use of his laboratory facilities.
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are convinced that DFAA may be an important nitrogen source for natural phytoplankton populations in some environments. Reports on natural levels of DFAA in marine waters are rather limited, however, because the analytical techniques are extrcmcly arduous; the usual analysis depends on calorimetric reaction with ninhydrin reagent-it requires desalting and concentrating several liters of seawater for each determination ( Clark et al. 1972) .
This paper reports the use of a new reagent, fluorescamine, for measurement of primary amines in scawatcr. Fluorescamine reacts with primary amines, including amino acids and peptides, to form highly fluorescent derivatives (Udenfriend et al. 1972; Weigclc et al. 1972) . The reaction can be carried out directly in seawater an d is simple and much more sensitive than ninhydrin.
I have been able to detect amino acids down to 0.2 PM in 2 ml of seawater.
I used fluorescamine to measure primary amincs in several marine environments in and around Newport Bay, California, both in surface water and sediments. The fluorescamine-positive material in these samples no doubt represented a complex mixture of primary amines such as proteins, peptides, and amino acids. Proteins and peptides probably cannot be used directly by plant cells, but primary amines as DFAA seem to be available to the cells.
However, it has been suggested that about two-thirds of the amino acid molecules iri seawater are complexed with other organic compounds or with metal ions (Degens 1970) . In this case, the cell may be unable to remove the molecule from solution. I tested the ability of a phytoplankter, Platymonas, to take up primary amino nitrogen directly from natural seawater. In. addition, I measured uptake rates to estimate the amount of primary amino nitrogen being accumulated by Platymonas, and whether it could support growth.
Materials and methods
Surface seawater was collected from stations in Newport Bay and nearshore in the Catalina Channel ( Fig. 1) . Fifty-milliliter samples were passed through a 0.45~PM Millipore filter (EHWP), placed in plastic bottles, and stored on ice. Samples were returned to the laboratory and frozen within 3 hr of collection. Interstitial water from bay sediments was collected according to the method described by Stephens ( 1972) . The procedure involved burying sacks of dialysis membrane in the sediments. Initially the sacks contained 100 ml of sterile, artificial seawater. Small molecules, including primary amines, diffused into the sack from the surrounding interstitial water. Sacks were buried about 5 cm below the mud surface and retrieved 5 days later. The sample was then filtered as described above to remove black sulfide precipitates and stored frozen for later analysis.
Fluorescamine reagent was obtained from Roche Diagnostics.
For amino acid measurements in seawater, the sample was buffered to pH 9.0 to give maximum fluorescence, using 0.5 ml of sodium borate at pH 9.6. Next, 0.5 ml of fluorescamine in acetone ( 20 mg 100 ml-l) was added. The sample must be mixed vigorously during addition because fluorescamine is rapidly destroyed in aqueous solution. The acetone produced a precipitate in samples at pH >, 9.0, which did not interfere with the reaction, and disappeared on addition of 2.0 ml of distilled water. Fluorescence was mea- Presumably this material was analogous to yellow humic acid compounds described by Sieburth and Jensen ( 1968) and Traganza (1969) . Background fluorescence was mcasurcd on seawater samples treated as described above, except that fluorescamine was omitted. The value obtained was subtracted as a blank, along with the fluorescence obtained in the fluorcscamine-treated artificial seawater blank.
Since the analysis is extremely sensitive to fluorescent contaminants, all sampling equipment, Millipore filters, and analytical glassware were washed in dilute hydrochloric acid and carefully rinsed before use.
P2atymona.s sp. obtained from H. Lowenstam was used for uptake measurements. Plntymonus is quite hardy and is able to take up a variety of amino acids at rates that can be manipulated by changing the amount of nitrogen in the culture medium: uptake rates increase dramatically when cells are grown on limited amounts of nitrogen (North and Stephens 1971) . Cells were grown axenically in nitrogen limited continuous culture for these experiments, in the apparatus described by North and Stephens (1969) . The culture medium contained lo-" M KNOS, low4 M KJIP04, and PI1 trace metals (Provasoli 1963) in artificial seawater. The constant addition of medium through the culture vessel produced a population doubling every 96 hr. For uptake experiments, cells were harvested from the continuous culture, ccntrifuged, washed six times, resuspended in a small volume of Millipore-filtered artificial seawater, and incubated in 100 ml of filtered natural scawatcr to give a final concentration of 3 x 10B cells ml-'. Formalin-killed cells added to the seawater, and scawatcr with no cells, served as controls. The uptake of primary amines from the seawater was measured by taking aliquots at timed intervals, centrifuging to remove the ph'y toplankton, and determining the amount of fluorescamine-positive materials in the supernatant by the proccdurc described above. For comparison, Pkrtymonccs was also incubated in artificial seawater containing a known amount of 'L4C-glycine standard and uptake followed both with fluorescamine and with 14C measurements (cf. Wheeler ct al. 1974) .
Ammonia in the seawater was measured both by the phenolhypochlorite method ( Solbrzano 1969) and by ninhydrin ( Rosen 1957) . Total cell nitrogen was measured on a Coleman nitrogen analyzer.
Results
Concentrations of DFAA as low as 0.2 PM in 2 ml of seawater could be reliably measured by the procedure outlined above. Fluorescence readings at this level were about two times blank values. Amounts of fluorescence produced by the ten amino acids most commonly found in the sea were tested individually with fluorescamine (Table 1). The acidic amino acid, aspartic, produced the least fluorescence; the basic amino acids produced the most. The fluorcscence produced by an equimolar mixture of the ten amino acid standards was about equal to the average for the ten individual amino acids measured individually; apparently there is no interference among amino acids during the formation of fluorcscamine derivatives. Since glycine is usually the most abundant amino acid in scawatcr, it was assigned a value of 100 in Table 1 and used as a standard for subsequent measurements.
The differences in fluorescence apparcntly do not result from differences in fluorescence spectra of the fluorescamine derivatives : the relative fluorescences of the various amino acid derivatives did not change when fluorescence was measured at other excitation and emission wavelengths. The possibility that the differences were caused by an incomplctc reaction was tested by adding more fluorescamine to the reaction mixture: this did not increase fluorescence.
The differences in relative fluorescence are probably caused by differences in quantum yield of the fluorescamme derivatives (Udcnfriend et al. 1972 ). To test the possibility that metals or other substances in natural seawater interfere with the fluorescamine reaction, standard amino acids were added both to artificial seawater containing only the major salts and to natural seawater. The added standards produced the same amount of fluorescence in both cases (Table 1) . Apparently compounds present in natural seawater do not interfere with the reaction. Similar enrichment cxpcriments demonstrated that natural background fluorescencc did not intcrfcre with the analysis and could simply be subtracted as a blank value.
The pH optima for the fluorcscaminc reaction in seawater wcrc 9.0 or higher for all ten amino acids. Neither ammonia or urea added to seawater produced detectable fluorcsccncc.
Three or four samples were collected from each of six surface stations in Newport Bay and from three locations at various distances offshore in the Catalina Channel (Fig. 1) . Interstitial water was required to produce an equivalent amount of fluorescence. Measurcmcnts were made at pH g-the optimum for amino acids. Repeated analyses showed good agreement -nearly always within 25%; levels in the multiple samples from a single station in the bay were much more variable. (The possibility that the variation was caused by contamination in the sample bottles was checked as follows in a subsequent water sample collection.
One sample was split during filtration and stored in two bottles. Two additional samples from the same station were placed in two separate bottles. Subsequent analysis showed good agreement bctwcen the split samples, and the usual variation between this and the other two samples.) Apparently there is considerable patchiness, at least when small volumes of seawater are collected.
Concentrations of primary amines in surface waters increased, moving shoreward and into the bay. Except for station F, the highest values occurred in shallow water at the greatest distance from the bay entrance.
Use of primary amines present in the water samples by phytoplankton was investigated in a series of experiments. First, PZatymonas harvested from nitrogen limited culture was added to a sample of Newport Bay water to test the ability of the cells to remove fluorescamine-positive material from solution; about half the material was removed after 30 min, with no change in either control flask (Fig. 2) . Thus, reduction in the level of primary amines was due to the activity of Platymonus, not to bacterial metabolism, adsorption, or some other process.
The rate of uptake of primary amines from natural seawater was compared to the uptake of an equivalent amount of glycine standard in artificial seawater (Fig. 2) . Initial uptake of natural material and of the glycine standard was similar, but it continued until essentially all of the glycine was removed from the medium. About half of the fluorescamine-positive material in the natural seawater sample was not removed, even after 2 hr. Similarity between the initial uptake rates suggested that the accumulated portion of fluorescamine-positive material in natural seawater was amino acid nitrogen. This portion clearly can be taken up by phytoplankton and is presumably available for growth. The remaining material represented amino nitrogen that could not be accumulated rapidly, at least by Plntymonas.
This experiment also illustrated that fluorescamine de terminations yielded results identical to the more usual 14C measurements. The standard glycine solution contained a 14C-glycine tracer. Hence, uptake rates could be followed simultaneously by radioactivity measurements and by fluorescamine analysis. The two techniques gave almost identical results (Fig. 2) . The same result was obtained whether the experiment was performed with sediment water containing about 10 PM primary amines (shown in Fig. 2) or with surface water containing 1.2 PM primary amines. That is, half of the fluorescamine-positive material was taken up in 30 min.
The fraction of amino nitrogen that re-mains in seawater after incubation with Platymonas may bc in the form of peptides. This conclusion was supported by an cxperiment utilizing the fact that pH optima for the formation of amino derivatives are aromld 9, whereas optima for peptidcs are around 8 (Bohlen et al. 1973) . The fluorescence produced by glycine in artificial seawater was measured at various pI1 values, before and after Platymonas was added to the seawater (Fig. 3) . After about an hour, the cells had removed essentially all the glycine. As expected, this produced a large reduction in fluorescamine-positive material obtained at pH 9, and less change at lower pH values (Fig. 3A) . The same experiment performed in natural seawater from Newport Bay sediments gave somewhat different results (Fig. 3B ). Before incubation with Pldymonas, the maximum fluorescence was still at pH 9, but after incubation it was close to 8. The change in fluorescence, that is the reduction due to uptake by Platymonas, was shown by a curve representing the difference between those before and after incubation. This difference ( Fig. 3B : middle curve) is almost identical to the fluorescence associated with the glycine standard (Fig. 3A: top curve) . Thus, the material in natural seawater taken up by the cells had the pH characteristics of an amino acid; the remainder had pH characteristics of other compounds such as protein, peptides, or possibly bound amino acids.
Discussion
The new reagent, fluorescamine, is suitable for fluorometric measurements of primary amines in seawater. It is simple, rapid, and requires only a small seawater sample. None of the organic compounds or metal ions in natural seawater appear to inhibit formation of fluorescamine dcrivaRives, and natural yellow background fluorescence can simply be treated as a blank. For productivity studies, fluorescamine has the added advantage that it does not measure other forms of nitrogen in seawater, such as ammonia or urea. Thus it is now possible to obtain separate measurements A-Glycine in artificial seawater. Glycine produces maximum fluorescence when the fluorcscamine reaction is carried out at pH 9 (top curve ) . All the glycine is removed by the cells (bottom curve).
B-Naturally occurring primary amines in sediment water. A large fraction of the primary amincs reacting maximally at pH 9 (top curve)
is removed by the cells. This fraction ( middle curve ) has a pH dependence like that of glycine (A: top curve).
The remaining fraction has a very different pH dependence ( B: lower curve ) .
of primary amino nitrogen, along with the more usual analyses of ammonia, nitrate, nitrite, urea, etc.
Fluorescamine measurements of primary amines in the region of Newport Bay showed a wide range of concentrations (Table 2) . Surface water in the bay ranged from 0.5-1.3 PM glycine equivalents. Open ocean water from ncarshore contained about 0.4-0.5 ,uM, Concentrations tend&l to increase going shoreward and into the bay. Assuming that a substantial fraction of the primary amines in these seawater samples occurred as DFAA, the values rcported here are within the range previously reported for ninhydrin analyses ( Andrews and Williams 1971; Bohling 1970; Clark et al! 1972; Dcgcns 1970; Riley and Segar 1970) .
Water from Newport Bay sediments contained about ten times as much fluorescamine-positive material as the surface waters, from 4.5-13.1 ,ccM. These levels were similar to concentrations of DFAA found by Ho and Lane (1973) and by Degens (1970) in oxidizing sediments with little bacterial activity, but considerably lower than the concentrations Degcns measured in other kinds of sediments. The samples reported here also contained high concentrations of ammonia, around 150 PM, measured both with ninhydrin and with the phenolhypochlorite method. The suggestion that a large fraction of the primary amines exists as amino acids is supported by uptake experiments with Platymonus. This phytoplankter is able to take up about half the fluorescamine-positivc material in Newport Bay water. Furthermore, the uptake rate is about the same as that of an equivalent concentration of glycine standard (Fig. 2) . The remaining fraction of the material is not taken up and may be present as peptides. The pH dependence of the two fractions in the fluorescamine reaction further supports this conclusion (Fig. 3) . Attempts are underway to obtain more direct identification of the primary amines in seawater by using fluorescamine in conjunction with chroma tographic procedures.
The uptake experiments with Platymonns support a more important conclusion, namely, that about half the natural primary amines in seawater can be taken up by certain phytoplankton cells. Either these molecules arc truly in a "free" dissolved state, or the tendency of compounds like amino acids to form complexes with other substances does not prevent uptake by algal cells.
The amino nitrogen taken up by the cells is presumably available for growth. In Platymonus, accumulated amino acids are rapidly assimilated into metabolic pathways and they support good growth in culture ( North and Stephens 1967) . Many other species of phytoplankton are able to grow using amino acids as a sole source of nitrogen ( Danforth 1962) .
The actual growth rate that could be supported by uptake of primary amino nitrogen in Newport Bay water can be calculated from the experimental data: In 2/r = doubling time; r = K/n = growth constant, where K = uptake rate = pg N hrl ( lo* cells) -I and n = cell nitrogen = pg N ( lo8 cells ) -I, For an uptake experiment carried out with Platymonas in a sample of Newport Bay surface water, K = 11.2 ( in glycine equivalents) and n = 490, the resulting doubling time was 30 hr. This rate of growth is in good agreement with our earlier estimates of the potential contribution of naturally occurring amino acids to nitrogen nutrition of PZatymonas and other nearshore phytoplankters (Wheeler et al. 1974) . These estimates assumed that nearshorc waters contained about 0.5 PM DFAA. This appears to be a reasonably accurate value, at least for Newport Bay. 
